Introduction
============

The etiology of most neurodegenerative diseases remains elusive but is now generally accepted to be associated with the aggregation of particular proteins.^[@bib1]^ The neuropathology of these proteins is manifested in accordance with certain neurological diseases. For example, Alzheimer disease (AD) has two proteinaceous hallmarks: senile plaques produced by the aggregation of amyloid β (Aβ) and neurofibrillary tangles comprising hyperphosphorylated tau proteins.^[@bib2]^ The aggregation of another protein, α-synuclein, encapsulates several representative disorders, including Parkinson disease (PD), multiple system atrophy (MSA) and dementia with Lewy Bodies (DLB), which are collectively referred to as synucleinopathies.^[@bib3]^ The common denominator among these protein aggregates is the breakdown of the protein quality control system, thus resulting in the accumulation and voluntary assembly of misfolded proteins.^[@bib4]^

The aggregates detected in pathological structures in disease-afflicted brains share structural similarities, reflecting a filamentous morphology and cross β-sheet secondary structure; these aggregates are classified as amyloid fibrils.^[@bib5]^ The fibrils develop through a nucleation-dependent process in which a long lag phase is followed by an exponential growth phase.^[@bib6]^ However, this classical process can be manipulated such that the addition of preformed fibrils expedites the growth from monomers to fibrils.^[@bib6]^ This phenomenon, referred to as seeded fibrillation, is the molecular foundation that facilitates prion infectivity and aggregate spreading in neurodegenerative diseases.^[@bib7],\ [@bib8]^

Although amyloid fibrils bear structural resemblance to an extent, there are variations among these molecules. These slight differences create various species of fibril conformers.^[@bib9]^ Therefore, strains in prion diseases and heterogeneous conformers in neurodegenerative diseases may have subtle morphological distinctions. However, the actual functional and structural heterogeneity of the protein aggregates in pathogenesis has not been determined. One of the biggest obstacles in this field of research is the difficulty in obtaining an abundance of *in vivo* samples from the brains of patients. Even if a miniscule amount of sample were available through autopsy, it would be unreliable and insufficient for studying the various structures of amyloid fibrils at the molecular level. In the case of synucleinopathies, which encompass several neurological diseases, the detection of multiple structures of different types of α-synuclein fibrils may be of critical importance.

Several years ago, the advent of the protein misfolding cyclic amplification (PMCA) technique made it possible to amplify prion fibrils and detect minute amounts of prion from biological specimens.^[@bib10]^ Here we developed a PMCA procedure to quantitatively and qualitatively multiply α-synuclein fibrils and demonstrated the validation of this methodology. The present study displays the effectiveness of PMCA in the consistency of α-synuclein fibril conformation and their replication into large quantities. These results further suggest that this revised version of the PMCA procedure may provide a strategy for examining the structural and functional heterogeneity of α-synuclein aggregates.

Materials and methods
=====================

Materials
---------

Anti-α-synuclein monoclonal antibody was purchased from BD Biosciences (\#610787, San Diego, CA, USA). Isopropyl-1-thio-β-[D]{.smallcaps}-galactopyranoside (IPTG), glycine, thioflavin T (ThT), proteinase K (PK) and protease inhibitor cocktail were purchased from Sigma-Aldrich (St Louis, MO, USA). Anion-exchange chromatography (HiTrap Q FF, \#17-5053-01) and Superdex-200 gel filtration chromatography (\#17-5175-01) columns were purchased from GE Healthcare (Fairfield, CT, USA).

Purification of recombinant α-synuclein
---------------------------------------

Protein expression was induced with 0.1 m[M]{.smallcaps} IPTG for 3 h at 37 °C when the absorbance of the *E. coli* strain BL21 (DE3) (RBC Korea, Seoul, Korea) culture reached 0.6 at 600 nm. The cells were pelleted and resuspended in 20 m[M]{.smallcaps} sodium phosphate buffer (pH 7.4) for sonication and were subsequently boiled at 100 °C for 20 min, then centrifuged at 10 000 *g* for 10 min. The supernatant was subjected to anion-exchange chromatography and Superdex-200 gel filtration column chromatography for further purification. The purified α-synuclein was dialyzed against distilled water and subsequently lyophilized.

For monomer preparation, lyophilized α-synuclein was reconstituted in phosphate-buffered saline (PBS; \#CAP08-050, GenDEPOT, Katy, TX, USA), then subjected to ultrafiltration using a 100,000 molecular weight cut-off centrifugal device (Pall, New York, USA). For fibrillation, α-synuclein (200 μ[M]{.smallcaps} in PBS) was incubated at 37 °C for 19 days with constant shaking at 1,050 r.p.m. in a Thermomixer C (\#5382000015, Eppendorf, Hamburg, Germany). When used as seeds, the fibrils were sonicated for 1 min (Amplitude 30%) before treated to fibrillation reaction.

Mouse strains
-------------

(THY1-SNCA\*A53T) F53Sud/JA53T +/− mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Human α-Syn (A53T) transgenic line G2-3 was produced and maintained as described in Lee *et al.*^[@bib11]^

Intramuscular injection
-----------------------

Intramuscular inoculation of preformed fibrils of α-synuclein was performed as described in Sacino *et al.*,^[@bib12]^ with some modifications. The experimental protocol was approved by the Animal Care and Use Committee of the University of Minnesota (Protocol \#1602-33506A). Briefly, recombinant α-synuclein and preformed fibril (pFF) preparations were injected into the biceps femoris muscles of 4 to 6-month-old transgenic mice over expressing the A53T mutant of human α-Syn (line G2-3).^[@bib11]^ The animals were anesthetized with isoflurane and injected into both biceps femoris (each biceps femoris received 5 μg of pFF in 5 μl PBS) through a 27-gauge needle attached to a 10 μl Hamilton syringe via polyethylene tubing (0.38 × 1.09 mm). After injections, the animals were allowed to recover on a heating pad before being returned to their cages. The injected α-synuclein transgenic mice developed overt motor dysfunction within 90 days post inoculation

Preparation of brain tissues as exogenous seeds
-----------------------------------------------

Brain and spinal cord tissues were homogenized with a tissue grinder (\#358039, Wheaton, Millville, NJ, USA) to 10% weight/volume (w/v) solution with homogenizing buffer (1% Triton X-100, 150 m[M]{.smallcaps} NaCl, Protease Inhibitor Cocktail). The protein concentration was determined by using a bicinchoninic acid assay (Pierce, Rockford, IL, USA).

ThT binding assay
-----------------

Forty microliters of a 10 μ[M]{.smallcaps} recombinant α-synuclein sample or 2.5 μ[M]{.smallcaps} PMCA products was added to 50 μl of 10 μ[M]{.smallcaps} ThT solution in glycine-NaOH (pH 8.5). After 5 min of incubation, fluorescence was measured at 450 nm excitation and 490 nm emission settings.

PMCA
----

The equipment for PMCA, including a microplate horn (\#431MPX), sound enclosure (\#432MP) and thermoelectric chiller (\#4900), was purchased from Qsonica (Qsonica, Newtown, CT, USA). PMCA was performed using recombinant α-synuclein monomers as substrates and recombinant α-synuclein fibrils or tissue homogenates of transgenic as exogenous seeds. α-Synuclein monomers were prepared to a final concentration of 20 μ[M]{.smallcaps} in conversion buffer (1% Triton X-100 and 150 m[M]{.smallcaps} NaCl), and 100 μl of this sample transferred into siliconized PCR tubes. The samples for PMCA were subjected to cycles of 20 s sonication (Amplitude 50%) and 29 min 40 s incubation at 37 °C for a day or several days. Exogenous fibril seeds were added to final concentrations of 0.04%, 0.2% or 1%.

PK digestion
------------

Twenty micromolar α-synuclein samples were incubated with final concentrations of 10 or 100 μg ml^−1^ PK for 30 min to 2 h at 37 °C. Subsequently, sodium dodecyl sulfate (SDS)-PAGE buffer was added to the samples, which were then heated for 10 min at 95 °C.

Immunoblotting
--------------

Immunoblotting was performed as previously described.^[@bib13]^ Protein samples (150 ng) were loaded onto 12% SDS-PAGE gels for non-PK treated samples or 16% SDS-PAGE gels for PK-treated samples. Image detection was performed using an Amersham imager 600 (GE Healthcare Life Sciences, Marlborough, MA, USA), and Multi Gauge (v3.0) software (Fujifilm, Tokyo, Japan).

Circular dichroism
------------------

The samples were diluted in PBS at 15 μ[M]{.smallcaps} and analyzed using a Chirascan plus spectropolarimeter (Applied Photophysics, Randalls Rd, Leatherhead, UK).

Transmission electron microscopy (TEM)
--------------------------------------

Briefly, the samples were adsorbed onto 200 mesh carbon-coated copper grids, then subjected to negative staining with 2% uranyl acetate for 1 min. The prepared grids were observed using a JEM1010 transmission electron microscope (JEOL, Akishima, Tokyo, Japan).

Statistics
----------

All data in the figures are presented as the mean±s.e.m. *P* values were measured by using unpaired two-tailed Student\'s t-tests in GraphPad InStat version 3.05 software (San Diego, CA, USA).

Results
=======

Characterization of α-synuclein fibrils *in vitro*
--------------------------------------------------

The intrinsic structure of α-synuclein is indefinable; however, in diseased states, this protein forms amyloid fibrils enriched with β-sheet conformations.^[@bib14],\ [@bib15]^ To verify the structural properties of this protein at a molecular level, a ThT binding assay, circular dichroism spectroscopy, immunoblotting and Transmission electron microscopy were conducted to examine monomeric and fibril forms, respectively. ThT fluorescence was prominently more intense in the fibrilized α-synuclein than in the monomers, thus demonstrating that β-sheet structures are abundant in fibril forms of α-synuclein ([Figure 1a](#fig1){ref-type="fig"}). Circular dichroism spectroscopy confirmed an increase in the amount of β-sheet conformation in the fibrils than in the monomers ([Figure 1b](#fig1){ref-type="fig"}). Subsequent immunoblotting showed the visual representation of the SDS-stable aggregates ([Figure 1c](#fig1){ref-type="fig"}). Limited PK digestion resulted in a specific pattern of PK-resistant fragments, whereas the monomers were completely degraded ([Figure 1d](#fig1){ref-type="fig"}). The TEM images exhibited filamentous morphologies in a fibrilized form, whereas the monomers scarcely showed any discernable structures ([Figure 1e](#fig1){ref-type="fig"}). Together, the above data illustrate the characteristics of α-synuclein *in vitro*, with clearly distinguishable features between its monomers and fibrils.

The PMCA technique is readily applicable to the amplification of α-synuclein fibrils *in vitro*
-----------------------------------------------------------------------------------------------

To establish a procedure for cyclic amplification of α-synuclein fibrils, we generated a modified PMCA protocol for α-synuclein ([Figure 2a](#fig2){ref-type="fig"}). Over 48 cycles of PMCA, the fluorescence of ThT was markedly augmented when seed was added, whereas the seed-absent group scarcely exhibited any increase in fluorescence ([Figure 2b](#fig2){ref-type="fig"}). Western blotting confirmed that SDS-stable aggregates of α-synuclein were formed during the PMCA cycles in the seed-added group ([Figure 2c](#fig2){ref-type="fig"}). When further observing the seed-added group via TEM, we visually identified multiple aggregates split into small fragments reflecting the repetitive sonication ([Figure 2d](#fig2){ref-type="fig"}). The amount of fibrils increased depending on the concentration of seeds, thus suggesting that the seeds are the main determinant of α-synuclein fibrillation ([Figure 2e and f](#fig2){ref-type="fig"}). Fibrils were able to be detected through PMCA at concentrations as low as 8 n[M]{.smallcaps}. The PK digestion assay showed that the PMCA product with seed exhibited a PK digestion pattern similar to that of the seed fibril itself, whereas the monomers or PMCA products without seed did not result in PK-resistant bands ([Figure 2g](#fig2){ref-type="fig"}). These results suggest that the PMCA of α-synuclein is highly sensitive and accurate in amplifying trace fibrils with conserved conformations.

PMCA products sustain the characteristics of the initial seed through multiple rounds
-------------------------------------------------------------------------------------

To assure the fidelity of perpetual replication of α-synuclein fibrils, we performed consecutive rounds of PMCA, as illustrated in [Figure 3a](#fig3){ref-type="fig"}. The immunoblotting and ThT binding assays were conducted over three rounds, each comprising at least 48 cycles. The amounts of PMCA products increased with the number of cycles. Furthermore, the successive rounds of PMCA produced increasing amounts of aggregates ([Figure 3b](#fig3){ref-type="fig"}). The results of the ThT assay confirmed that the PMCA products maintained their state as fibrils and that a higher number of rounds results in higher fluorescence within a lower number of cycles ([Figure 3c](#fig3){ref-type="fig"}). To further analyze the structures of the amplified α-synuclein fibrils, we performed a PK digestion, which revealed that the conformations of the PMCA end products were conserved after repeated rounds ([Figure 3d](#fig3){ref-type="fig"}).

Conventional seeded aggregation is possible using the product of PMCA
---------------------------------------------------------------------

The feasibility of producing large quantities of fibrils was assessed through conventional seeded fibrillation using the PMCA products as seeds. The classical curve of nucleation-dependent fibrillation was epitomized using the ThT binding assay in the absence of added seeds, whereas seeded aggregation with added PMCA products displayed a drastically reduced lag phase, reaching the fibril growth phase more rapidly ([Figure 4a](#fig4){ref-type="fig"}). The subsequent PK digestion verified that the conventional seeded aggregation produced fibrils that shared similar structures with the PMCA products ([Figure 4b](#fig4){ref-type="fig"}). The TEM image of the seeded aggregates further confirmed the structure of the fibrils ([Figure 4c](#fig4){ref-type="fig"}). Together, these results indicate that products of PMCA can be indefinitely amplified through classical seeded aggregation.

Cyclic amplification of *in vivo* fibrils
-----------------------------------------

Finally, we attempted to amplify α-synuclein fibrils from tissue samples. Two different transgenic mouse models were utilized for *in vivo* experiments: Thy1-A53T expresses the A53T variant of human α-synuclein under the Thy1 promoter and mPrP-A53T expresses the same protein under a mouse PrP promoter. Thy1-A53T mice develop paralysis and die at the age of 9--11 months.^[@bib16]^ The brain that we used was obtained from 11-month-old animals that were killed after developing paralysis. For the mPrP-A53T mice,^[@bib11]^ aggregation was induced through the intramuscular injection of *in vitro*-generated α-synuclein fibrils.^[@bib12]^ PMCA was performed using the tissue samples from the whole brain and the spinal cord of the Thy1-A53T and mPrP-A53T, respectively. Three rounds of PMCA were conducted for each mouse model with cycle numbers indicated in [Figure 5a and b](#fig5){ref-type="fig"}. Aggregates were amplified from both tissue samples in a cycle number-dependent manner ([Figure 5a and b](#fig5){ref-type="fig"}). PK digestion analysis exhibited different digestion patterns, thus indicating that the fibrils amplified from these mouse models were distinct conformers ([Figure 5c](#fig5){ref-type="fig"}). Both PMCA products were subjected to conventional seeded fibrillation. This procedure produced β-sheet-rich fibrils from both the PMCA products ([Figure 5d](#fig5){ref-type="fig"}), and each conventional seeded fibrillation generated fibrils that exhibited the same PK digestion pattern as the corresponding seed (the PMCA product) ([Figure 5e](#fig5){ref-type="fig"}). These results indicate that α-synuclein fibrils can be amplified from the tissue samples with their fibril conformations conserved.

Discussion
==========

To date, research exploring various structures of fibrils has primarily been conducted on *in vitro* materials derived from synthetic peptides or recombinant proteins expressed in bacteria. *In vivo*-generated fibrils, however, have not been thoroughly investigated, owing to the scarcity of samples from patient brain tissues or animal models. In the present study, we generated and amplified α-synuclein fibrils both *in vitro* and *in vivo* by implementing a PMCA technique. Experimental verification indicated that the PMCA products showed the same conformations as those of the seeds added to the reaction. Hence, we demonstrated that PMCA can be conducted through several rounds without the alteration of the original seed. These results suggest that a trace amount of *in vivo* fibrils can be amplified, and thus their specific structures can be determined.

In the present study, proteinase K digestion patterns were used to monitor structural diversities among fibrils. Although this method has some limitations in specifically identifying distinct fibril structures, PK digestion has nevertheless been widely and faithfully used to examine fibril conformers not only for prions but also for other amyloid fibrils, such as α-synuclein.^[@bib17],\ [@bib18]^ For higher accuracy, high-resolution techniques, such as solid-state nuclear magnetic resonance (ssNMR), may be used to determine fibril structures.

The PMCA technique was originally developed to amplify prions from tissues or body fluids. Although this technique has been used to amplify prions from various sources, it has also been applied to non-prion amyloid proteins, including Aβ,^[@bib19],\ [@bib20]^ tau^[@bib21]^ and α-synuclein.^[@bib22]^ In a previous study, Herva *et al.*^[@bib22]^ have used *in vitro*-generated α-synuclein fibrils as seeds in α-synuclein PMCA ([Table 1](#tbl1){ref-type="table"}). This study successfully showed that α-synuclein fibrils can be rapidly amplified from synthetic seeds and that the PMCA products 'infect\' cells and consequently generate cytoplasmic aggregates. Although this study notably has demonstrated that PMCA can be applied to α-synuclein, it has drawbacks in not addressing sensitivity and fidelity. The novelty of the present study is the amplification of *in vivo*-derived α-synuclein fibrils and the demonstration of high sensitivity and fidelity. In the present study, we demonstrated that as little as 0.04% monomer can be amplified from trace seeds using the PMCA procedure. Moreover, we showed the amplification of two distinct α-synuclein fibrils in two different transgenic mouse models and the production of PK digestion patterns unique to each model. The products from the initial PMCA can also be used as seeds in the next successive rounds of amplification and through several rounds, fibril conformations are faithfully replicated. These results indicate that α-synuclein fibrils can be amplified from both *in vitro* and *in vivo* sources with high sensitivity and fidelity.

There are two notable aspects of the current study. Primarily, α-synuclein PMCA made it possible to concretely determine the structures of *in vivo* fibrils. Recently, Aβ fibrils have been isolated and amplified from two AD patients with distinct clinical manifestations.^[@bib20]^ The determination of the structures of these fibrils through ssNMR has revealed that the fibrils were indeed distinguishable from each other in terms of conformations. On the basis of these observations, the authors have suggested that the different clinical features of the patients reflected distinct fibrils conformers, thus potentially representing two distinct 'strains\'. To perform structural studies with such high resolution, large quantities, over several milligrams, of protein are required. Such quantities, however, are impossible to obtain from several rounds of PMCA. The products themselves should be further amplified through conventional seeded fibrillation. In the present study, we demonstrated the feasibility of attaining a large quantity of α-synuclein fibrils through the conventional seeded fibrillation of α-synuclein PMCA product without changing the fibril structure.

Second, the study demonstrated the clinical potential of the amplified α-synuclein fibrils from biological samples, which might be strategically used for diagnosing synucleinopathies. The aggregation of α-synuclein is associated with PD, DLB, MSA and AD.^[@bib3]^ It is difficult to precisely pinpoint each synucleinopathy in diagnostics solely on the basis of the symptoms observed. In prion diseases, PMCA exemplified the prospective diagnostic detection of pathogenic prions from body fluids.^[@bib23]^ Consequently, we expect that a similar approach using the PMCA technique can be adapted to synucleinopathies, thereby bringing the field one step closer to developing differential diagnostic tools.
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![Characteristics of α-synuclein monomers and fibrils. (**a**) ThT binding assay of recombinant α-synuclein monomers and fibrils. M represents α-synuclein monomers, and F represents α-synuclein fibrils. Mean±s.e.m. of *n*=4; \*\*\**P*\<0.0001, *t*-test. (**b**) CD spectra of monomers (black solid line) and fibrils (red solid line). CD spectra revealed that α-synuclein monomers showed a typical random coil pattern, whereas fibrils exhibited β-sheet rich structures showing minimum absorbance at 218 nm. (**c**) Immunoblotting of recombinant α-synuclein monomers and fibrils. Black arrow, size of α-synuclein monomer; Curly bracket, aggregates of α-synuclein. (**d**) PK digestion patterns of monomers and fibrils. 20 m[M]{.smallcaps} samples were digested with 10 μg ml^−1^ PK for 30 min. PK-resistant fragments are shown in PK-treated fibrils, whereas monomers were completely degraded. (**e**) TEM images of recombinant α-synuclein monomers (left) and fibrils (right). Fibrils showed a filamentous structure; Scale bars, 200 nm.](emm20171f1){#fig1}

![*In vitro* α-synuclein fibrils are amplified using PMCA. (**a**) A schematic representation of the PMCA procedure. (**b**) ThT binding kinetics of recombinant α-synuclein with or without sonicated fibril seeds after 48 cycles of PMCA. ThT fluorescence increased in the seed-added group, whereas the seed-absent group scarcely showed any increase in ThT fluorescence (*n*=3). (**c**) Immunoblotting of PMCA products with indicated cycles of PMCA. Aggregated α-synuclein was detectable after 48 cycles in samples with seeds. (**d**) TEM image of the seed-added group; scale bar, 200 nm. (**e**) Relative ThT fluorescence was quantified in PMCA products after 48 cycles with different quantities of seeds. ThT fluorescence increased with increasing seed concentration (*n*=3). (**f**) Immunoblotting of PMCA end products after 48 cycles with the same concentrations of seeds as in **e**. (**g**) Immunoblotting of PMCA product without (left) and with PK digestion (right). Similar PK-resistant fragments were detected in fibrils (F, seed itself) and the seed-added PMCA products, whereas nothing remained in monomers (M) and seed-absent PMCA products.](emm20171f2){#fig2}

![PMCA amplification maintains the structural characteristics of α-synuclein aggregates. (**a**) A schematic representation of the serial PMCA (sPMCA). (**b**) Immunoblotting of sPMCA products. Aggregated forms of α-synuclein appeared with increasing round of PMCA. (**c**) ThT binding kinetics of sPMCA. Third round PMCA products reached maximal ThT fluorescence early (*n*=3). (**d**) PK digestion patterns of sPMCA products. Similar PK-resistant fragments were observed in seeds and sPMCA products. Monomers and fibrils were treated for 30 min.](emm20171f3){#fig3}

![PMCA-amplified α-synuclein aggregates have seeding activity in conventional fibrillation. (**a**) ThT binding kinetics of recombinant α-synuclein with or without PMCA products as seeds (*n*=3). (**b**) PK digestion patterns of seeded aggregates (S.A.) and PMCA products (Seed). PK-resistant fragments of the seeds were comparable to the seeded aggregates. (**c**) TEM images of seeded aggregates. The seeded aggregates showed filamentous structures; scale bar, 200 nm.](emm20171f4){#fig4}

![PMCA generates α-synuclein aggregates from *in vivo* samples. (**a**) Immunoblotting of Thy1-A53T mice brain homogenate (seed A) induced sPMCA products with the indicated cycles. (**b**) Immunoblotting of mPrP-A53T spinal cord homogenates (seed B) induced sPMCA products with indicated cycles. (**c**) PK digestion patterns of PMCA products with different tissue seeds. Note the extra band (black arrow) on seed B-derived PMCA products. (**d**) CD spectra revealed seeded aggregates with different PMCA products and seeds possessing a β-sheet rich structure. (**e**) PK digestion patterns of seeded aggregates with different PMCA seeds. Seeded aggregates with different seeds exhibited similar PK resistant fragments with their respective seeds.](emm20171f5){#fig5}

###### Comparison of α-synuclein PMCA methods

                  *Roostaee et al.*^[@bib24]^                                                                                                                                                                                              *Herva et al.*^[@bib22]^                            *Present study*
  --------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------- ---------------------------------------------------
  Buffer          'Physiological buffer\' (pH 7.4)                                                                                                                                                                                         1% Triton X-100, 150 m[M]{.smallcaps} NaCl in PBS   1% Triton X-100, 150 m[M]{.smallcaps} NaCl in PBS
  Tube            1.7 ml tube                                                                                                                                                                                                              0.2 ml PCR tube                                     0.2 ml PCR tube (siliconized)
  Monomer         300 μ[M]{.smallcaps}                                                                                                                                                                                                     90 μ[M]{.smallcaps}                                 20 μ[M]{.smallcaps}
  Seed (W/W)      5%                                                                                                                                                                                                                       1%                                                  0.04%
  Bead            None                                                                                                                                                                                                                     1.0 mm zirconia/silica bead                         None
  1 cycle         \(1\) Elongation phase (30 s sonication, 10 m shaking (300 r.p.m.) at 37 °C) × 6 times --\> shaking (300 r.p.m.) 10 h at 37 °C (2) Fractionation phase (30 s sonication, 10 m shaking (300 r.p.m.) at 37 °C) × 6 times   • 20 s sonication • 30 m incubation at 37 °C        • 20 s sonication • 29 m 40 s incubation at 37 °C
  No. of cycles   1--5                                                                                                                                                                                                                     1--48                                               1--48
  Automation      X                                                                                                                                                                                                                        O                                                   O
